In this paper, the uniform illumination of a meta-surface that is fed by a single dipole antenna or an array is experimentally investigated by means of near-field measurements. The results of the scanned field, when the dipoles are radiating in free space and when the meta-surface is placed atop them are presented. By means of this measurement, the coupling reduction between dipoles of an array due to the presence of the meta-surface is observed.
Introduction
One of the proposed applications of metamaterials is their use as superstrate for planar antennas in order to enhance their radiation performance. Several solutions have been proposed for this purpose. As an example, Partially Reflective Surfaces (PRS) in combination with a ground plane have been used to create a Fabry Perot like cavity [1] . By properly selecting the distance between the ground plane and the superstrate (around λ/2 with a regular Perfectly Electric Conductor or λ/4 if an Artificial Magnetic Conductor is used) as well as working at the boundary between the transmission pass and stop bands, a gain enhancement could be achieved. The solution proposed herein is conceptually different, in which no cavity and ground plane are required. The superstrate is placed in close proximity to the radiating source, and when working at the transmission pass band, the in-phase oscillation of the meta-surface's resonant inclusions is exploited [2] - [3] .
The meta-surface that was used in this work is schematically shown in Fig. 1 (a) and it has been described in detail in [2] - [3] . It consists of two grids of parallel short dipoles and a grid of continuous wires in between. The heuristical operation can be explained in the following manner. Under normal incident plane-wave excitation, at the resonant frequency, out-of-phase currents are induced in the pairing dipoles that are seated in layers 1 and 3. Since the distance h between layers is very small compared to the wavelength, a closed loop is formed that creates a strong magnetic dipole moment that produces radiation, i.e. a transmission window appears (see Fig. 1 (c) ). To widen the passband, a grid of solid wires is placed in between the dipole grids. Owing to the in-phase oscillation of the meta-surface inclusions, uniform illumination is obtained.
In this work, the meta-surface is illuminated by a single dipole or a 2×2 dipole antenna array. By means of near-field (NF) measurements of the radiated field, the surface illumination and the coupling between dipoles in the case of the array is investigated. 
Near-field measurements
The field radiated by the antenna was tested by using a NF scanner and compared to the one radiated in the presence of the meta-surface. The set-up for the measurements is shown in Fig.2 . The monopole antenna used as a probe was mounted over a 2D scanning system and placed λ/5 far away from the antenna. The distance from the antenna to the probe z 0 was chosen so that the probe was close enough to measure the surface illumination but out of the reactive near field of the antenna, which is usually taken as λ/2π [4] . Measurements at larger distances were also carried out, obtaining similar results after the back projection to the aperture. Since the measurement distance z 0 is smaller than λ, the sample points Δ x and Δ y should be chosen to be smaller than λ/2 in order to satisfy the sampling criteria [4] - [6] .
Applying (1), for a working frequency of 10.5 GHz and z 0 =λ/5, the sampling step should be around λ/10, and therefore Δ x and Δ y were fixed to 3 mm. The E field radiated by the antenna is shown to be along the metal strips, so, taking into account the radiation pattern of the monopole, this was oriented parallel to the surface. Details of the probe orientation regarding the antenna are shown in Fig. 3 . In order to feed the antenna and measure the field that was to be detected by the probe, a vector network analyzer HP8510C was connected via GPIB to a PC was used. 
Dipole antenna
A dipole antenna was designed to be used as feeding element of the meta-surface. A picture of the dipole with and without the superstrate is shown in Fig. 3 . The size of the superstrate is 13.6 × 29.51 mm (approx. 0.47λ × 1 λ at the resonant frequency of 10.5 GHz). The distance between the dipole and the superstrate is 1.574 mm, which has been adjusted in order to have good impedance matching. The overall thickness of the antenna (printed dipole plus superstrate) is 0.137λ.
By using the described NF set-up, the field radiated by the dipole was scanned over a 3λ × 3 λ surface.
The results of the scanned field, when the dipole was radiating at the resonant frequency in free space and in the presence of the meta-surface, are shown in Fig. 3 (a) and (b), respectively. Due to the loading effect of the meta-surface, a frequency shift between the resonant frequency of the antenna radiating in free space (f r =9.51 GHz) and the antenna with superstrate (f r =10.5 GHz) is produced. In the absence of superstrate (Fig. 3 (a) ) the regular radiation of a dipole radiating in free space is observed, i.e., broad beam in the H-plane and nulls in the endfire direction of the E-plane. However, when the meta-surface is placed on top of the dipole (Fig. 3 (a) ), the radiated field is confined by the superstrate and radiated in the boresight radiation producing the gain enhancement. Moreover, a reduction of the endfire radiation is obtained all around the antenna. Measurements of the input impedance matching (S 11 =-15 dB at 10.5 GHz) and gain enhancement (G=6.8 dBi at 10.5 GHz) in the presence of the superstrate are shown in Fig. 3 (c) . 
Dipole antenna array
The mutual coupling of a 2×2 dipole antenna array with a H-plane distance 0.5 λ and flipped upside down, i.e., baluns on the bottom face, was also investigated by NF measurements (see Fig. 4 ). One of the dipoles was fed and the others matched with 50 Ω loads. By this measurement, the surface illumination and the field that reaches the neighbour dipoles can be detected. The probe was placed λ/5 far away from the antenna and the step of the acquisition points Δ x , Δ y was fixed to 2 mm so that the sampling criteria (1) was satisfied.
The results of the scanned field when the dipole placed at the top-left corner was radiating in free space and in the presence of the meta-surface are shown in Fig. 4 (a) and (b) respectively. The measure was done at the corresponding resonant frequency of each antenna (9.3 GHz in free space and 10.55 GHz with the superstrate). It can be observed that, when the dipole is radiating in free space (Fig. 4 (a) ), the main coupling occurs in the H-plane direction, being the E-plane and cross coupling quite low. However, in the presence of the superstrate (Fig. 4 (b) ), the power radiated by the antenna is confined in the surface just over the active dipole and radiated in the boresight direction reducing the endfire radiation. Clearly These results are consistent with the ones obtained by the S-parameters measurements (see [7] ).
Conclusions
In this paper, the gain enhancement of a dipole antenna with a planar meta-surface as superstrate due to the uniform illumination of the meta-surface has been experimentally demonstrated. Near-field measurements of the E-field distribution on the radiating surface have proven the confinement of the power radiated by the dipole antenna, reducing the endfire radiation and improving the boresight radiation. In the case of an array, due to this enhancement of the radiation characteristics, a coupling reduction between elements mainly in the H-plane has been observed.
